Arising from the interplay between charge, spin and orbital of electrons, spin-orbit torque (SOT) has attracted immense interests in the past decade. Despite vast progress, the existing quantification methods of SOT still have their respective restrictions to the magnetic anisotropy, the entanglement between SOT effective fields, and the artifacts from the thermal gradient and the planar Hall effect, etc.Thus, accurately characterizing SOT across diverse samples remains as a critical need. In this work, with the aim of removing afore-mentioned restrictions thus enabling the universal SOT quantification, we report the characterization of the sign and amplitude of SOT by angular measurements. We first validate the applicability of our angular characterization in a perpendicularly magnetized Pt/Co-Ni heterostructure by showing excellent agreements to the results of conventional quantification methods. Remarkably, the thermoelectric effects, i.e., the anomalous Nernst effect (ANE) arising from the temperature gradient can be self-consistently disentangled and quantified from the field dependence of the angular characterization. The superiority of this angular characterization has been further demonstrated in a Cu/CoTb/Cu sample with large ANE but negligible SOT, and in a Pt/Co-Ni sample with weak perpendicular magnetic anisotropy, for which the conventional quantification methods are not applicable and even yield fatal error. By providing a comprehensive and versatile way to characterize SOT and thermoelectric effects in diverse heterostructures, our results pave the important foundation for the spin-orbitronic study as well as the interdisciplinary research of thermal spintronic.
I. INTRODUCTION
Spin-orbit torque (SOT) has attracted intense interests for efficient electrical manipulation of magnetization which is at the root of numerous spintronic applications.
In heavy metal (HM)/ferromagnet (FM) heterostructure or ferromagnet lacking inversion symmetry, SOT emerges due to the spin-orbit related mechanisms such as the spin Hall effect [1] [2] [3] [4] [5] [6] , the Rashba effect 7, 8 or the topological quantum effect [9] [10] [11] [12] . Compared to its counterpart of conventional spin-transfer torque (STT), SOT sheds greater prospects in the efficiency and speed [13] [14] [15] [16] . In STT, the efficiency is proportional to the spin polarization P of ferromagnet which is essentially smaller than 1. In contrary, SOT scales with the spin Hall angle θ SH without upper limit which can be as large as hundreds in topological insulator 12, 17, 18 . Moreover, the prior study has demonstrated the SOT drives magnetization switching in the hundred pico-second timescale that is much faster than that in the state-of-art STT device 19 . Additionally, in a magnetic tunnelling junction, the writing current of SOT only passes through the underlayer thus avoiding the electrical breakdown of the oxide tunneling barrier 20, 21 . With advantages in all these aspects, SOT has brought revolutionary opportunities for spin memory and logic applications.
Tracing the history of development, the recognition of SOT has been continuously revised for both the direction and magnitude. At the early phase of the study, SOT effective field in HM/FM was considered as a quasi-Rashba field that transverse to the current and in the film plane 14, [22] [23] [24] , but later on it was recognized to be an out-of-plane effective field as inferring from the first perpendicular magnetization switching experiment 25 . On the other hand, the magnitude has been also revised from the 1 to 10
Tesla at the current density of 10 8 A/cm 222, 23 . At present, it is understood that SOT takes complex form which should be discomposed into two orthogonal components 6, [26] [27] [28] [29] [30] [31] : a longitudinal effective field − → H L − → m × − → y and a transverse effective field − → H T − → y , where − → m is the magnetization unit vector and − → y is the in-plane axis transverse to the current flow − → x direction. These evolving recognitions for SOT have been radically moved forward by the advances in SOT characterization. Although a variety of electrical transport methods for characterizing SOT effective fields have been developed, most of them have their respective restrictions that hindering the comprehensive and accurate SOT characterization. The first restriction is due to the complex form and entanglement of SOT effective fields. Both the SOT effective fields H L and H T could contribute to the electrical signal thus requiring careful disentanglement and quantification. The SOT characterization methods, such as the DC 2, 25, 32 and ST-FMR ones 12, 33, 34 , mostly only consider one specific SOT component by assuming another SOT component to be negligible. The second restriction is for the magnetic anisotropy. In the perpendicular magnetized HM/FM heterostructures which are of the main interests of SOT research, the model of SOT characterization are mostly built on the conditions of coherent magnetization rotation and saturated arXiv:1909.09012v1 [cond-mat.mtrl-sci] 19 Sep 2019 magnetic state, and therefore a strong perpendicular magnetic anisotropy is required. Lastly, the thermoelectric effect has been largely neglected in the existing SOT characterization methods 2, 22, 30, 35, 36 . As we will demonstrate below, the contribution from the anomalous Nernst effect can be very large and even dominates the electric signal. Nonetheless, not only to accurately quantify SOT, the appropriate characterization and utilization of this thermoelectric effect can also bring great opportunity for expanding the horizon of spintronic research and application. Almost at the same time of emergence of SOT study, slonczewski has proposed the thermal initiation of spin-transfer torque from magnons 25 . Later on, several groups have further demonstrated the thermal creation of spin current and stronger spin torque in magnetic heterostructures through the magnons, spin-dependent Seebeck and spin-Nernst effect (SNE) [37] [38] [39] . In this work, a new angular characterization method with least restrictions is developed to study the SOT and thermoelectric effects in various Pt based heterostructures.
By rotating the sample under a strong magnetic field, the simultaneously recorded harmonic Hall voltages are utilized to analytically derive the SOT effective fields and the temperature gradients across the sample. After giving the principal equations, we first verify the applicability of our angular characterization by comparing it to other established quantification methods in a perpendicularly magnetized Pt/Co-Ni sample. Subsequently, the angular dependencies of the SOT and thermoelectric effects are analyzed to build the comprehensive model of angular characterization. At last, we apply the angular characterization for two special samples, for which the other conventional quantification methods are not applicable due to the restrictions of large thermoelectric effect and weak PMA. By accurately characterizing SOT and thermoelectric effects with high sensitivity, simple procedures and wide applicability, our works ont only provide important basis for SOT research but also allow the further investigation of the interplay between SOT and thermoelectric effects.
II. MODEL AND EXPERIMENT: GENERAL CASE
A. Principal equations
To comprehensively characterize the different component of SOT effective field, the angular characterization needs to be performed at two schemes: one is the longitudinal scheme in which the current is within the rotation plane of magnetic field, another is the transverse scheme in which the current is perpendicular to the rotation plane of magnetic field 6 . The principal equations of angular characterization in the longitudinal and transverse schemes are expressed as below:
where R 2ω xy is the second harmonic Hall resistance, R AHE is the anomalous Hall effect (AHE) resistance, R P HE is the planar Hall effect (PHE) resistance, H L(T ) is the longitudinal (transverse) effective field, H ext is the external magnetic field, H k is the anisotropy field, θ is the angle between − → z and magnetization − → m, I 0 is the applied current, α is the ANE coefficient, ∇T oop and ∇T ip are the out-of-plane and in-plane temperature gradients, respectively. For the more comprehensive analysis by considering the entanglement between H L and H T through PHE, the principal equations can be extended as:
Above principal equations lay the basis for quantifying SOT and thermoelectric effects in this work. The detailed theoretical derivations of these equations will be given in part C of this section. simultaneously recorded. In the measurements, the sample is rotated at θ H ∈ [−20
• , 20
• ] with different external magnetic field H ext , where θ H is the angle between − → z and H ext . Fig. 1 (c, d) show the angular dependence of R ω xy for the longitudianl and transverse geometries, where R ω xy is the first harmonic Hall resistance normalized to the saturated AHE resistance. Subsequently, θ of magnetization can be derived by θ = acos( R ω xy ). Fig. 1 (e) and (f) show the θ dependences of the second harmonic voltages under different external fields (H ext = 0.6T, 1T, 1.5T ), which can be further processed by the derivation forms of Eq. 3 and 4: For a small θ, one has sin θ ≈ θ. Therefore, R 2ω xy can be linearly fitted with θ as represented by the straight fitting lines in Fig. 1 (e) and (f). More importantly, according to Eq. 5 and 6, the field dependences of dV 2ω /d(sin θ) adequately quantify both the currentinduced SOT and thermoelectric effects. Note that the magnetization oscillation induced by SOT is suppressed when the external magnetic field increases, whereas the thermal gradient contribution is not affected by H ext . As the PHE term is normally negligible for many SOT samples, one can characterize the H L (H T ) by measuring the external field H ext dependence of R 2ω xy in the longitudinal (transverse) schemes, respectively. In Fig. 1(g, h) , Eq. 5 and 6 are utilized to fit dV To demonstrate the applicability of above angular characterization for SOT, the SOT effective fields of the same device have been further characterized by another two well established SOT quantification methods. The first one is the hramonic measurements with large sweeping magnetic field applied at θ H = 86
•6 . Fig. 2(a) and (b) show the best fits of the second harmonic voltage in two directions with the parameter values of H L = 17.8Oe and H T = 13.9Oe, which are very close to the results of angular characterization in Fig. 1. Fig. 2(c) and (d) show the second SOT characterization results using harmonic measurements at low H, and H is applied in the film plane 22 . By fitting the first and second harmonic voltage, the values of H L = 23.4Oe and H T = 21.5Oe which are bigger than the above two methods. As shown in Fig. 2(e) , we compare these three methods in the same setup with the same current density (at a low frequency of f = 13.7Hz). While the applicability of angular characterization for SOT can be evidenced from the comparison plot, the larger SOT effective fields by small H fitting method can be also well explained by the thermal contribution in the second harmonic signal, which is expecially significant when the magentization aligns around OOP direction as we will discussed in the follwing section. Cartesian unit vector which transverse to the direction of the flowing current. During the measurement, an AC current I = I 0 sin(ωt) (low frequency) was applied into the NM/FM heterostructure in the − → x direction by using Keithley 6221. The first and second harmonic Hall voltages can be measured in − → y direction by using two lock-in amplitude. The current-induced SOT effective fields periodic oscillates magnetization about its equilibrium state which can be detected by the harmonic Hall voltages V H (t) = R H (t)I 0 sin(ωt).
To quantify the SOT effective fields caused by the current, we have measured the harmonic Hall voltages in two schemes, called the longitudinal and transverse scheme, respectively. In the longitudinal secheme, the magnetic field is applied in the xz plane inducing a magnetization rotation angle from −10
• to 10
• around the z-axis, as shown in Fig. 3(a)(b) . The magnetization oscillations (∆θ, ∆ϕ) are caused by the current-induced effective fields, as shown in Fig.  3(c) and Fig. 3(d) , where the H L causes the ∆θ and the H T causes the ∆ϕ separately. In the transverse secheme, the magnetic field is applied in the yz plane, as shown in Fig.4(a) . Contrast to the longitudinal secheme, the H T causes the ∆θ and the H L causes the ∆ϕ, as shown in Fig. 4(c) and Fig. 4(d) . Com- bined with anomalous and planar Hall effects (AHE and PHE respectively), the Hall voltage can be written as V xy (t) = I 0 sin ωtR AHE cos(θ + ∆θ sin ωt)
sin(2(ϕ + ∆ϕ sin ωt))
Where, ω = 2πf , θ, and ϕ reflect the magnetization equilibrium situation determined by − → H k (anisotropic field) and −−→ H ext (external magnetic field), ∆θ and ∆ϕ characterized the magnetization oscillation determined by the equilibrium of − → H k , −−→ H ext and − − → H I0 (current-induced field). By analyzing the Hall voltage, we can get that the first and second Harmonic of transverse resistance can be expressed as 
Where the magnetization direction can be expressed as − → m = (sin θ cos ϕ, sin θ sin ϕ, cos θ).
In addition to this, Fig. 5 (a) shows the finite element analysis of the current induced thermal gradient (∇T a , ∇T b ) in the form of Hall bar. The thermal gradient components can be redistributed according to the Cartesian coordinates, as shown in Fig.  5(b)(c) . We defined the vector of the thermal gradient are − − → ∇T ip = ∇T ip (1, 0, 0) (the internal part), − − → ∇T oop = ∇T oop (0, 0, 1) (the vertical part), respectively. We found Joule heating to induce an internal (∇T ip ) and a vertical (∇T oop ) thermal gradient raising a thermoelectric signal comparable to the SOT effects in PMA film by the injected current, which has been reported on in-plane film 30 . Fig. 5 (b)(c) show the schemes of ANE in longitudinal and transverse secheme. In longitudinal secheme, the direction of internal and vertical thermal signals lie in − → y , and we can detect them as shown in Fig. 5(d) . In transverse secheme, the detection of the internal thermal signal lie in − → y while the vertical thermal signal lie in − → x , so that only the internal thermal signal can be detected as shown in Fig. 5(e) . The thermal gradient is positively correlated with the quadratic square of the current. For AC current, we have
The contribution of the thermal gradient to the second harmonic term can be written as 
For the transverse secheme,
The simulation data are shown in Fig. 3(e) and Fig.  4 (e). Combing the SOT effect and thermoelectric contribution, the second harmonic Hall resistance can be expressed as:
for longitudinal secheme,
for transverse secheme,
Where,
sin θ is the effective field
Htot sin 2 θ is the effective field H T (L) contribution, I 0 α∇T oop sin θ is the vertical thermal gradient contribution, and −I 0 α∇T ip cos θ is the internal thermal gradient contribution. Moreover, the sin 2 θ is too small so that the PHE part can be neglected, and θ is close to zero so that the internal thermal contribution can be thought as a constant [detail see Appendix].
III. SPECIAL CASES: GIANT THERMAL EFFECT AND WEEK PMA
We study another two different film structures to evaluate the current-induced effective field by using the formula provided above and comparing it with present techniques. The structure of sample are Cu(2)/CoTb(6)Cu(2) (in nm) and Ta (2)/Cu (3)/CoNi (1.2)/Pt (4) (in nm) with weak PMA were grown by dc magnetron sputtering on oxidized Si wafers. The bottom Ta layer was pre-deposited on the SiO 2 substrate to induce smooth growth and the orientation of Cu (111). The easy axis of the Co-Ni magnetization lies in the out-of-plane. The as-deposited sample was patterned in the form of a Hall bar with a width w=8 µm by using ultraviolet optical lithography and Ar + etching. Moreover, all samples capped the SiO 2 growing by RF magnetron sputtering in order to obstruct the oxygen. The measurement geometry in the Cartesian coordinate system used throughout the paper is given in Fig. 3(a) (for H L ) and Fig. 4(a) (for H T ) , where the θ and ϕ are defined as the angle with the z axis and x axis, separately. The samples were rotated in the xz or yz plane around z axis in a fixed external field where the alternating current was modulated at f = 13.7Hz.
A. Cu/CoTb/Cu with Giant Thermal Effect Rare-earth metals or f -electron lanthanide series has been reported having large spin Hall torque ratio, such as Tb singal layerθ ef f SH,T b =-0.18 40, 41 . However, some gourp reported that the charge-to-spin effciency of CoTb alloys can be neglected [42] [43] [44] , while some others are not 45 . Here, we have characterize the SOT and thermoelectric effects in CoTb alloys by using the angular characterization to elcuidate address these debates. 6 show the similar experiments in Cu (2)/CoTb (6)/Cu (2) films, where Cu does not support the spin current and CoTb is ferromagnetic layer with perpendicular anisotropy. The field dependence of first and second harmonic voltage with the sweeping magnetic field at the full and low H range, as shown in Fig. 6(a) and (b) . In longitudinal secheme, we observed that there is no SOT signal in Fig. 6(a) . In contrast to what has been observed from sweeping H at a full range, we observed that a steep slope of second harmonic voltage at a small H range, as shown in Fig. 6(b) . By fitting the first and second harmonic, the value of H L = 645.7Oe/10 8 Acm −2 which is larger than that in Pt/FM films. The large slope of second harmonic signals may come from the thermal contribution.
Our method has the advantage of effectively separating the SOT effect and thermal contribution. Fig.  6(c)(d) show the angular dependence of the first and second harmonic voltages measured by rotating the sample in the xz plane around z-axis with a fixed external field H ext ∼ 1T, 1.5T, 2T, 3T, 5T, 8T ). Fitting to the data according to Eq. 1 for different H ext are shown as solid curves in Fig. 6(d) . We noted that the dV 2ω /dθ is a constant when the H ext changes. As shown in Fig. 6 (e), fits to the data according to Eq. 5, the value of H L ∼ 0. It shows the same result with the Qiu's method in Fig. 6(a) . Therefore, we conclude that the thermal gradient contribution dominates the second harmonic in the small H region thus leading to fatal error in the SOT quantifications.
B. CoNi/Pt with Weak PMA SOT research is still rapidly grwoing with great interests in exploring new materials with large change-to-spin efficiency, such as the TIs 12, 34, 46 , weyl semimetal 47, 48 , and two-dimensional material 49, 50 . However, it is not easy to establish perpendicular magnetic heterostructure to research the SOT effective field. Moreover, sometimes the sample is degradation to in-plane or weak PMA. There are many un general situation limits the SOTs characterized. Fig. 7 shows that the similar experiments were carried out for the Ta (2)/Cu (3)/CoNi (1.2)/Pt (4) (in nm). As shown in Fig. 7(a) , the sample has weak PMA and K u = 9.0 × 10 4 ergcm −3 > 0. Both Pi and Qiu's methods are not applicable.
Our method does not disturb in this situation. Fig.  7(b) show the angular dependence of first and second harmonic voltage with a fixed external field (H ext ∼ 0.8T ). The magnetization is saturation while the field rotated around the z-axis. The external field H e xt dependence of V 2ω /d(sin θ) are measured, as shown in Fig. 7(c)(d) . So, the SOT effective field can be easily determined by fitting the experimental data with Eq. 1 and Eq. 5. 
IV. CONCLUSIONS
In conclusion, a new angular characterization method with least restrictions is developed to study the SOT and thermoelectric effects. By rotating the sample under a strong magnetic field, the simultaneously recorded harmonic Hall voltages are utilized to analytically derive the SOT effective fields and the temperature gradients across the sample. By accurately characterizing SOT and thermoelectric effects with high sensitivity, simple procedures and wide applicability, our works ont only provide important basis for SOT research but also allow the further investigation of the interplay between SOT and thermoelectric effects.
In harmonic voltage measurements, an in-plane current injection induces an internal and a vertical thermal gradient, which contribute significant signal in the second harmonic term. In this part, we will show how to separate the SOT effect term from thermoelectric them. Fig. 5 (a) shows the finite element analysis of the current induced thermal gradient, where the structure of the film is Si/Si x /HM/FM/Si 2 . The simulation parameter: 1, the isotropic thermal conductivity (σ) of each layer, σ Si = σ HM = σ • ; 4, The temperature load: T F M = 50C
• , T HM = 75C
• , T Si/Six = 23.5C
• ; 5, Mesh, default; There are two directions of temperature gradient induced by the injected current. First, we define the vector of the thermal gradient are − − → ∇T ip = ∇T ip (1, 0, 0) (the internal part), − − → ∇T oop = ∇T oop (0, 0, 1) (the vertical part), respectively. Moreover, we have the magnetization direction is − → m = (sin θ cos ϕ, sin θ sin ϕ, cos θ).
a. The internal thermoelectric signal for second harmonic term 
As shown in Fig. 5(c)(e) , in transverse secheme, we have R 2ω ∇T = −I 0 α∇T ip cos θ (A17)
Considering SOT Effects and Thermoelectric Contribution
Combining Eqs. A10, A13, A16 and A17, with the inclusion of SOT effects and thermoelectric contribution, the second harmonic term R xy can be expressed as
and
Where, the Oersted field can be determined as H Oe = 1 2 µ 0 I 0 .
Fitting Proximation and PHE Correction
As the Eq. A7 and Eq. A11, we assumed that sin 2 θ ≈ 0. So that the second harmonic term R xy can be simplified to
Also, the PHE effect can be corrected by the following equation
